ABSTRACT: Forty Large White barrows were used to determine whether the effects of dietary fat source (tallow or soy oil at 5% of the diet) on lipogenesis and fatty acid profile of porcine adipose and lean tissue were dependent on dietary digestible energy density (8.8 vs 14.0 MJ DE/kg). Barrows were allocated to one of four groups and offered a fixed amount of feed (170 g × BW 0.569 /d) from 27 to 105 kg BW. The fatty acid composition of the backfat layers (BF), omental fat (OF), and i.m. adipose tissue of longissimus muscle as well as the activity of lipogenic enzymes of the adipose tissues were determined. Growth performance and carcass characteristics were affected by the dietary energy level (P < 0.01) but not by fat source. In accordance with the lower carcass fat deposition, the activity of lipogenic enzymes were decreased in the low-energy groups (P < 0.01). Within dietary energy level, inclusion of soy oil resulted in increased proportion of PUFA that was compensated by decreased saturated (SFA) and monounsaturated fatty acid (MUFA) proportions (P < 0.01). The SFA changes accounted for 23 (BF) and 24% (OF) of the PUFA changes in the high-energy and 31 (BF) and 39% (OF) in the low-energy diets. The differences in the
Introduction
Examinations of adipose tissue fatty acid profile of pigs fed high-energy diets or with added fat are extensive, whereas examination in the alternate situation (i.e., low-energy diets or diets without added fat) are less extensive. Although pigs fed commercial highenergy diets are always in a positive energy balance 1564 fatty acid proportions between the soy oil and tallow group were more pronounced in the low-energy groups (fat source × energy density interactions: P < 0.01). Pigs fed the soy oil, low-energy diet had decreased SFA (BF: 28%; OF: 30%) and MUFA (BF: 13%; OF: 19%) concentration, whereas PUFA concentration was increased (BF: 59%; OF: 88%) compared with pigs fed the soy oil, high-energy diet. However, in the tallow groups, pigs fed the low-energy diets had slightly decreased SFA (BF: 14%; OF: 12%) and relatively constant MUFA (BF: 3%; OF: 1%), whereas PUFA concentration increased (BF: 39%; OF: 62%) relative to pigs fed the tallow highenergy diet. Lipid content of the i.m. adipose tissue was decreased in the low-energy groups (P < 0.05). Contrary to what was observed in the adipose tissues, increased PUFA concentration in the neutral and polar lipid fractions of the longissimus muscle was predominantly compensated by reduced MUFA deposition. In the polar lipid fraction, the proportions of both SFA and MUFA were decreased by the low-energy diet. Thus, the extent to which tissue concentration of fatty acids are altered from dietary fats differing in the degree of unsaturation depends on the dietary energy level. and do not rely on stored fat to meet energy needs (Enser, 1984) , decreased triacylglycerol synthesis is observed in adipose tissue of pigs fed low levels of intake (Mersmann et al., 1981; Mersmann and Koong, 1984) . And extreme changes in energy intake combined with altered ratio of linoleic acid to energy in the diet have been reported to produce marked changes in lipid and fatty acid concentration in porcine adipose tissue (Wood et al., 1985 (Wood et al., , 1986 . Raclot et al. (1995) reported that during fasting-induced energy depletion, the mobilization of fatty acids from the adipose tissue is selective and leads to a profound remodeling of the composition of adipose tissue. Food restriction could therefore alter the relationship between intake of fatty acids and both the absolute and relative content of individual fatty acids in adipose and lean tissues.
Recently we found that the backfat fatty acids of pigs with free access to diets supplemented with a constant amount of dietary fat rich in either saturated or unsaturated fatty acids were affected differently if diets had a high-or low-dietary energy concentration (Bee et al., 1999) . However, under the ad libitum conditions of that study, pigs compensated dietary energy dilution with increased daily feed intake. To extend our previous observations on the deposition of dietary fatty acids originating from soy oil and tallow, pigs in the present study were offered a fixed amount of feed based on BW with the aim to restrict the daily energy intake while avoiding compensatory feed intake mechanisms.
Materials and Methods

Animals and Treatments
Forty castrated male Swiss Large White pigs were randomly assigned to four dietary treatments in a 2 × 2 factorial arrangement, with the individual animal as the experimental unit and the two dietary factors being energy concentration (low or high) and fat source (tallow or soy oil). Pigs entered the trial at an average initial weight of 27.3 kg and were housed during the whole experimental period in individual pens on a concrete floor in environmentally controlled buildings under normal husbandry conditions. Barrows were fed individually twice a day and had free access to water. The total daily feed allowance was adjusted weekly according to the BW by the formula 170 g × BW 0.569 . Two basal diets were formulated (Table 1 ) differing in their digestible energy content (low: 8.8 MJ DE/kg; high: 14.0 MJ DE/kg). The high-energy diets were based on wheat, potato flakes, and soybean meal. The low-energy diets had lower contents of the main ingredients, which were substituted by oat and NaOHtreated straw. Each of the basal diets was supplemented with 5% soy oil (HS, LS) (Unilever Bestfoods Schweiz AG, Thayngen, Switzerland) or tallow (HT, LT) (Centravo, Zurich, Switzerland). The added soy oil was mainly composed of linoleic [18:2(n−6)] and oleic acids [18:1(n−9)] and in decreasing order, linolenic [18:3(n−3)] and palmitic acids [16:0] . By contrast, in the tallow the predominant fatty acids were palmitic, stearic [18:0] , and oleic acids, whereas the concentrations of linoleic and linolenic acids were low. The fat supplements were well reflected in the fatty acid composition of the diets (Table 2 ). The diets were pelleted (4.5-mm diameters) at 60°C. During feed processing, feed samples were taken and bulked to determine nutrient content and the fatty acid composition.
Carcass Evaluation
Pigs were slaughtered at a BW of 104.7 kg at the abattoir of the MLP-Sempach (Swiss Pig Performance Testing Station, Sempach, Switzerland). Feed was withheld from animals 12 h before the pigs were brought to the abattoir. The slaughter and dissection procedures were carried out according to MLP meat cutting standards (Rebsamen et al., 1995) . Briefly, left carcass sides were fabricated into the major primal cuts (shoulder, loin, ham, and belly). Shoulder, loin, and ham were subsequently defatted, and the total weight of the three cuts was expressed as a proportion of the cold left carcass side (lean percentage). Accordingly, carcass fat percentage was calculated as the proportion of total weight of the dissected external fat from the loin, shoulder, and ham to the cold left carcass side.
Tissue Preparation
Within 15 min after bleeding, samples of backfat in the region of the 13th and 14th dorsal vertebra and omental fat (OF) were collected from each animal. Backfat was immediately separated into outer (BFO) and inner layer (BFI). Subsequently, all tissue samples were frozen in liquid nitrogen and stored at −80°C until analysis. Prior to lipid extraction, samples of the adipose tissues were thawed over night at 4°C and homogenized in a Moulinette SE homogenizer (Moulinex GmbH, Solingen, Germany).
Samples from longissimus dorsi muscle were obtained at the height of the 10th rib 24 h postmortem. Muscle tissue was carefully freed from adhering fat and connective tissue and homogenized as previously mentioned. The homogenates were sealed under vacuum in plastic bags and stored at −20°C.
Sample Analysis
Dry matter, crude ash, crude fat, and crude fiber analyses of feed were carried out according to the methods of VDLUFA (Naumann et al., 1997) . The nitrogen content (CP = N × 6.25) was analyzed using an automated nitrogen elemental analyzer (Leco-Analyzer FP-2000, Leco Corporation, St. Joseph, MI) .
Fatty acid profiles of the feed, adipose tissue, and muscle lipids were determined by gas chromatography of the methyl esters (FAME). The dietary lipids were extracted by a modified method of Hara and Radin (1978) . Prior to the cold extraction with hexane:isopropanol (3:2), triundecanoin (11:0, T 5534, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was added as internal standard. The lipids of the adipose and muscle tissues were extracted according to the method of Juaneda and Rocquelin (1985) with some minor modifications. Total lipids were extracted from homogenate with a methylene chloride:methanol mixture (2:1) after adding tritridecanoin (13:0, T 3882, SigmaAldrich Chemie GmbH, Steinheim, Germany) and P 8898, Steinheim, Germany) as internal standards. Extracts were dried under vacuum and redissolved in 2 mL of chloroform. One milli- liter of the solution obtained from the muscle homogenate was loaded onto a silica gel column (1 g of silica gel mash 60 (Merck KgaA, Darmstadt, Germany) in 5-mL glass columns (International Sorbent Technology Ltd., Mid Glamorgan, U.K.) previously conditioned with hexane. Neutral lipids and phospholipids were eluted with 20 mL of chloroform and 30 mL of methanol, respectively. Solvents were evaporated under vacuum, and the fatty acids were transformed to FAME. The FAME were prepared by transesterification by sodium hydroxide and boron trifluoride both in methanol according to the method of Metcalfe and Smith (1961) . FAME were quantified by using a gas chromatograph (HP 5860 A GC, Hewlett-Packard, Urdorf, Switzerland) equipped with a flame ionization detector. The FAME were separated on a 30-m × 0.32-mm Supelcowax TM 10 fused-silica capillary column (Supelco, Bellefonte, PA). The oven temperature was as follows: initial temperature 160°C for 1 min; raised to 190°C with 20°C/min; raised to 230°C with 4°C/min; 230°C held for 16 min, raised to 250°C with 20°C/min; 250°C held for 8 min. The detection temperature was at 270°C and split at 250°C. The quantification was performed with olein as the reference fat to calculate overall response factors for the standards used. Fatty acids were quantified by comparing peak areas with the peak area of the internal standards. Results are expressed as weight percentages of total fatty acids.
Weighted quantities of BFO, BFI, and OF were homogenized in an ice-cooled 0.25 mol/L sucrose buffer (in 0.1 mol/L phosphate buffer, pH 7.4) using a PotterElvehjem homogenizer. The samples were centrifuged at 15,000 × g for 10 min and supernatant recentrifuged at 30,000 × g for 40 min in the same buffer. The supernatants were assessed for lipogenic enzyme activities using standard photometric methods. Samples were analyzed in duplicates for glucose-6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49), malic enzyme (ME, EC 1.1.1.40), and fatty acid synthase (FAS, EC 2.3.1.85) activities, using the methods of Lö hr and Waller (1974), Hsu and Lardy (1969) , and Roncari (1981) , respectively. Formation of NADPH (G6PDH, ME) or oxidation (FAS) was measured at 37°C by absorbance at 340 nm. A commercial protein dye-binding assay kit, using bovine γ-globulin as a standard, was used to measure the soluble protein concentration in Only fatty acids that accounted for > 0.1 g/100 g of total are presented.
b Fatty acids were designated by the number of carbon atoms followed by the number of double bonds. The position of the first double bond relative to the methyl (n) end of the molecule was also indicated. The sums of the main fatty acid series are represented as SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids. the supernatant fraction (Bio-Rad Protein Assay, BioRad, Glattbrugg, Switzerland). The enzyme activities were expressed as mol NADPH produced or oxidized ؒ min −1 ؒ mg protein −1 .
Statistical Analysis
Data were analyzed with the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). Least square means were obtained assuming fixed models that included the effects of dietary fat source, dietary energy concentration, and fat source × energy concentration interaction. In addition, for the carcass evaluation data, hot carcass weight was included as a covariate in the model. Differences with probability levels of P < 0.05 were considered significant. Two pigs of treatment HS and one of treatment HT were excluded due to leg-related problems. One animal in treatment LS did not reach the 105 kg BW for slaughter due to extremely low growth rate, and, therefore, it was decided to exclude it from data evaluation.
Results and Discussion
Growth Performance
Growth performance and carcass measurements were mainly affected by the energy concentration of the diets, whereas dietary fat sources had no effect (Table 3) . Compared with the HS and HT diets, the 38% lower DE content of the respective low-energy diets resulted in higher total feed intake (+90%), lower ADG (−46%), and lower feed utilization (−48%) (P < 0.01 for all). Although BW at slaughter was not different between treatments, hot carcass weights were higher in the high-energy groups compared with the low-energy groups (P < 0.01). The percentages of valuable cuts were increased (loin: +5.3%; shoulder: +8.4%; ham: +9.5%), whereas the percentage of subcutaneous fat (−27.5%), percentage of OF (−33%), and backfat thickness were decreased in the low-energy groups (P < 0.01 for all).
Effects of the Fat Source
Dietary fat supplementation was well reflected in both backfat layers (BFO : Table 4 ; BFI: Table 5 ) and in the OF (Table 6 ) especially for linoleic and linolenic acids and the higher unsaturated fatty acids of the n−6 (eicosadienoic, 20:2[n−6]; arachidonic acids, 20:4[n−6]) and n−3 family (eicosatrienoic, 20:3[n−3] ; docosapentaenoic acids, 22:5[n−3]), which is in agreement with our earlier results (Bee et al., 1999) . The inclusion of soy oil resulted in a markedly increased PUFA concentration in the three adipose tissues that was compensated by a decreased saturated (SFA) and monounsa- Only fatty acids that accounted for > 0.1 g/100 g of total are presented. Only fatty acids that accounted for > 0.1 g/100 g of total are presented. 
Effects of fat source (F), dietary energy level (E), and fat source × dietary energy level interaction (F × E). d
Fatty acids were designated by the number of carbon atoms followed by the number of double bonds. The position of the first double bond relative to the methyl (n) end of the molecule was also indicated. The sums of the main fatty acid series are represented as SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids. turated (MUFA) proportions. The SFA changes accounted for 23 (BFO and BFI) and 24% (OF) of the PUFA changes in the high-energy diets, and 31 (BFO and BFI) and 39% (OF) in the low-energy diets.
The proportions of myristic (14:0), heptadecanoic (17:0), palmitic, and stearic acids in the adipose tissues of pigs fed the soy oil-fortified diets were decreased compared to those of the tallow groups (P < 0.01 for all). To assess the effect of dietary fat source on lipogenesis, we determined the activity of G6PDH and ME, the main enzymes supplying NADPH for the reductive biosynthesis of fatty acids (Mourot et al., 1995) as well as of FAS, which catalyses the synthesis of palmitate. Except for G6PDH in the OF, source of dietary fat did not affect the activity of the enzymes (Table 7) . The lack of difference in lipogenesis between the soil oil and tallow treatments within energy concentration was not surprising because the diets had equal calculated digestible energy contents (Table 1) . Likewise, we previously reported that feeding diets varying in the fatty acid composition but with a moderated fat concentration did not affect production and carcass traits (Bee and Wenk, 1994) . Hence, it seems unlikely that overall de novo fat synthesis was affected by the dietary fat source. However, our results disagree with those of certain authors (Waterman et al., 1975; Kouba and Mourot, 1999) , who demonstrated a significant effect of PUFA intake on lipogenic enzyme activities in adipose tissues. Kouba and Mourot (1999) reported a 9% decrease in the adipose tissue lipid content of pigs fed a maize oil-fortified diet compared with a diet supplemented with tallow.
The proportion of oleic acid, the main MUFA in swine adipose tissue, is determined by the dietary supply as well as by the elongation and desaturation of the saturated homologs. Furthermore, dietary PUFA of the n−6 family are known to impair the activity of the stearoylCoA desaturase (SCD), the key enzyme in the desaturation process of stearic acid (Kouba and Mourot, 1998) . In the present study, we did not actually measure the SCD activity, but the desaturation indexes (palmitoleic to palmitic acid; [16:1(n−7) to 16:0]; oleic to stearic acid; [18:1(n−9) to 18:0]) have been reported to relate well with the activity of the enzyme (Klingenberg et al., 1995; Kouba et al., 1997) . Compared with the tallow groups, conversion of palmitic and stearic acids into their desaturated homologs was decreased in the adipose tissues of pigs fed the soy oil-supplemented diets, indicating a regulatory effect of PUFA on SCD activity. In accordance with an earlier study of Buller and Enser (1986) , the ratio of oleic to stearic acid suggests that the activity of the SCD is tissue-specific, being higher in the BFO (4.00 to 2.76) and lower in the OF (2.36 to 1.56). The reason for these tissue-specific differences could be the lower linoleic acid concentration in the OF Only fatty acids that accounted for > 0.1 g/100 g of total are presented. compared with the BFO and making linoleic acid less available to block the enzyme activity.
Effects of the Dietary Energy Concentration and Interaction with Dietary Fat Source
Dietary energy concentration significantly determined fatty acid composition of the adipose tissues ex- . cept for myristic acid in the BFI and OF, palmitoleic acid in the BFO, and eicosenoic acid (20:1[n−9]) in the three tissues. Regardless of dietary fat source, PUFA concentration was increased whereas SFA and MUFA were decreased in the low-energy groups. Except for the proportion of eicosenoic acid in the BFI, of eicosanoic (20:0), and docosapentaenoic acids in all three tissues, the differences in the fatty acid pattern between the soy oil and tallow group were more pronounced in the low-energy group (fat source × energy concentration interactions: P ≤ 0.05). Pigs fed the LS diet had 28 to 30% decreased SFA and 13 to 19% decreased MUFA concentration, whereas PUFA concentration was increased by 59 to 88% compared with pigs fed the HS diet. The respective differences in the low-energy groups amounted to −12 to −14% for SFA and +39 to +62% for PUFA, whereas MUFA concentration was almost similar (+1 to +3%). The differences were more distinct in the OF than in the backfat layers and were larger among the two soy oil groups than the two tallow groups. Except for ME in the BFI (Table 7) , the activities of key lipogenic enzymes were distinctly reduced (P < 0.01) by the restricted daily energy supply, and this finding is consistent with the lower fat deposition rate in pigs fed the L diets. Similar effects of limiting energy intake were found in adipose tissue of gestating sows (Parmley et al., 1996) , and this is in accordance with the concept that lipogenesis is the first-limiting pathway in storage of body fat and is the most tightly regulated by alterations in energy intake (Vernon et al., 1999) .
The desaturation index (18:1[n−9] to 18:0; Tables 4 through 6) was increased in the low-energy treatments, regardless of the dietary fat source (fat source × energy concentration interaction; P > 0.05), suggesting an elevated SCD activity. Saturated fatty acids either in the diet or synthesized de novo constitute the main substrate for SCD (Enser and Roberts, 1982) . Because lipogenesis was decreased in both low-energy treatments, the higher activity might be mainly the result of the increased provision of substrate SFA.
The increased PUFA concentration in the low compared with the respective high-energy treatments could be attributed on the one hand to the significantly higher total feed intake (90% ; Table 3 ) and on the other hand to the lower total amount of deposited backfat (27% ;  Table 3 ) and OF (33% ; Table 3 ). However, the increased intake did not account for the tissue changes. Assuming a similar incorporation rate of linoleic and linolenic acids into the OF of animals fed the low-energy compared with the high-energy diets, one would expect 2.8-fold (compared with the high-energy treatments: 190% intake/67% amount of OF) higher tissue proportions. However, in the soy oil and tallow groups, the increase in the proportions of the two essential fatty acids amounted to 1.9 and 1.6, respectively, and therefore was markedly below the expected concentration based on intake of those fatty acids. As recently reported (Warnants et al., 1999) , the linoleic, linolenic, eicosatrienoic, and arachidonic acids in the backfat could not be further increased, when pigs were fed a PUFA-enriched diet for more than 6 wk. Apparently, in the present study, a plateau in the PUFA tissue content was reached that limited a further deposition of PUFA. Table 8 shows the fatty acid composition of the neutral (NL) and polar lipid (PL) fractions in the i.m. fat. Concentrations of palmitic, stearic, arachidonic, ), eicosatrienoic, docosapentaenoic, and docosahexaenoic (22:4[n−3]) acids, and total lipid extract of the NL fraction was primarily affected by the dietary energy concentration, whereas both dietary factors had an impact on the heptadecanoic, palmitoleic, heptadecenoic (17:1[n−7]), oleic, linoleic, eicosadienoic, and linolenic acid contents. The differences in the heptadecanoic, heptadecenoic, linoleic, eicosadienoic, and linolenic acid concentrations due to the dietary fat source were more pronounced in the low-energy groups (fat source × energy concentration interactions: P < 0.05).
Lean Tissue Fatty Acid Pattern
The NL fraction is composed of triacylglycerols originating from adipocytes in the muscles, and, therefore, one would expect that total lipid extract of NL is decreased by the low-energy supply. Contrary to the fatty acid pattern of the adipose tissues, increased PUFA deposition was predominantly compensated by a reduced MUFA deposition. The MUFA changes in the high-and low-energy groups accounted for 92 and 83% of the PUFA changes, respectively. In accordance with the present data, Pfalzgraf et al. (1995) reported significant effects of dietary fat source (soy oil/tallow) on the oleic, linoleic, linolenic, and eicosadienoic acid contents of the triacylglycerols. The distinct effect of the dietary energy concentration on the lipid content and fatty acid composition of the NL fraction contradicts earlier results of Bee and Wenk (1993) and Kuhn (1997) , who did not report any implication of dietary energy or feed restriction on the i.m. lipid composition. Compared with the aforementioned studies, dietary energy restriction in the present experiment was more severe and might have been responsible for the reported effects.
Surprisingly, the amount of lipid extract of the PL fraction was decreased in the low-energy treatments (P = 0.04) and tended to be lower in the tallow groups (P = 0.07). Compared with the related triacyglycerols, the PL fraction contained higher proportions of PUFA regardless of the treatments. Both dietary factors had significant effects on the myristic, stearic, palmitoleic, oleic, vaccenic (18:1[n−7] ), linoleic, arachidonic, linolenic, and docosahexaenoic acid concentration, whereas eicosatrienoic acid proportions were influenced only by the dietary energy concentration. However, stearic and arachidonic acid concentration were similar in the highenergy diets, but, in the low-energy group proportions were decreased by the tallow supplementation (fat source × energy concentration interaction; P < 0.05). Compared with the NL fraction, the fat × energy interaction was not significant for the sum of SFA, MUFA, and PUFA.
Although in the adipose tissues increased PUFA intake and daily energy restriction were responsible for the distinct decrease in the SFA and MUFA concentra- Only fatty acids that accounted for > 0.1 g/100 g of total are presented. tions, in the PL fraction the differences in the SFA concentration were small among treatments. Several studies have shown that the saturated-to-unsaturated ratio is constant in membrane polar lipids and that the effects of dietary fatty acids (Scheeder et al., 2000) and energy supply (Kuhn, 1997) are limited to an exchange between MUFA and PUFA. Comparing the results of those experiments and the present study, SFA concentration was similar (29 to 33 wt%) despite the differing amounts and source of dietary fats. In view of the considerable differences in the amount of ingested SFA, endogenous desaturation of saturated fatty acids by SCD has to play a key role to ensure nearly constant proportions of SFA in the polar lipids. Because experimental diets did not contain detectable amounts of arachidonic acid, the concentration of this fatty acid depended on the conversion from its precursors. In accordance with other studies (Pfalzgraf et al., 1995; Warnants et al., 1996; Scheeder et al., 2000) , we report no dietary effect on the deposition of arachidonic acid in the high-energy treatments, regardless of the differing supply and incorporation of its precursors. By contrast, in the low-energy groups, overall arachidonic acid proportions were markedly increased and were further elevated if the supply of linoleic acid was higher (LS). Apparently, in the PL compared with the NL fraction, the increased linoleic acid supply resulted in a higher conversion to arachidonic acid rather than higher deposition of linoleic acid.
Implications
Linoleic acid in swine adipose and lean tissues derives exclusively from dietary source, and the concentration in tissues depends on the intake and overall fat deposition. Our investigation provided evidence that linoleic acid was incorporated less efficiently into adipose tissues when the feed was low in energy and when the dietary fat was rich in saturated fatty acids like tallow compared with a fat rich in unsaturated fatty acids like soy oil. Consequently, the synthesis of saturated, monounsaturated, and higher polyunsaturated fatty acids of linoleic acid are also profoundly affected. Attempts made to alter fat quality or fatty acid profile must, therefore, consider both dietary energy content and dietary fat source to accomplish the desired effect.
